Abstract The diurnal and seasonal variation of soil respiration (SR) and their driving environmental factors were studied in a maize ecosystem during the growing season 2005. The diurnal variation of SR showed asymmetric patterns, with the minimum occurring around early morning and the maximum around 13:00 h. SR fluctuated greatly during the growing season. 
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Abstract The diurnal and seasonal variation of soil respiration (SR) and their driving environmental factors were studied in a maize ecosystem during the growing season 2005. The diurnal variation of SR showed asymmetric patterns, with the minimum occurring around early morning and the maximum around 13:00 h. SR fluctuated greatly during the growing season. The mean SR rate was 3.16 lmol CO 2 m -2 s -1 , with a maximum of 4.87 lmol CO 2 m -2 s -1 on July 28 and a minimum of 1.32 lmol CO 2 m -2 s -1 on May 4. During the diurnal variation of SR, there was a significant exponential relationship between SR and soil temperature (T) at 10 cm depth: SR ¼ ae bT . At a seasonal scale, the coefficient a and b fluctuated because the biomass (B) increased a, and the net primary productivity (NPP) of maize markedly increased b of the exponential equation. Based on this, we developed the equation
to estimate the magnitude of SR and to simulate its temporal variation during the growth season of maize. Most of the temporal variability (93%) in SR could be explained by the variations in soil temperature, biomass and NPP of maize. This model clearly demonstrated that soil temperature, biomass and NPP of maize combined to drive the seasonal variation of SR during the growing season. However, only taking into account the influence of soil temperature on SR, an exponential equation over-or underestimated the magnitude of SR and resulted in an erroneous representation of the seasonal variation in SR. Our results highlighted the importance of biotic factors for the estimation of SR during the growing season. It is suggested that the models of SR on agricultural sites should not only take into account the influence of soil temperature, but also incorporate biotic factors as they affect SR during the growing season.
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Introduction
Soil respiration (SR) is a major CO 2 flux from ecosystems to the atmosphere and is therefore an important component of the global carbon balance (Schimel 1995; Raich and Tufekcioglu 2000) . Due to the high order of magnitude of this flux, relatively small climatically-induced changes in SR may have a great effect on atmospheric CO 2 concentrations and the global carbon budget with potential feedbacks to climate change Sá nchez et al. 2003) . Therefore, it is important to obtain good estimates of SR and to understand environmental factors controlling its variability across ecosystems. Researchers rely on empirical models to simulate the magnitude and temporal variability of SR, while process-based models are rarely used because of the complexity of the soil environment (Michelsen et al. 2004) . These empirical models typically use soil temperature (Fang et al. 1998; Buchmann 2000; Janssens and Pilegaard 2003) , soil moisture (Davidson et al. 2000; Epron et al. 2004; Sotta et al. 2004 ) as well as their interaction (Tufekcioglu et al. 2001; Lee et al. 2002; Tang and Baldocchi, 2005) for large-scale SR estimates. For example, previous investigators proposed several different functions to describe the relationship between SR and soil temperature, including linear or sinusoidal regressions (Fan et al. 1995; O'Connell et al. 2003; Chimner 2004 ); exponential equations (Davidson et al. 1998; Buchmann 2000; Sá nchez et al. 2003; Reth et al. 2004 ); Arrhenius equations (Lloyd and Taylor 1994; Thierron and Laudelout 1996) ; power models (Fang and Moncrieff 2001) ; and logistic models (Rodeghiero and Cescatti 2005) . However, a number of field studies have clearly shown that none of these models appears to be consistently better than the others. In the present study, we used exponential functions because this function is most widely used to simulate the temperature response of SR.
Soil respiration is a composite flux and includes respiration of soil organisms and plant roots, organic matter decomposition, and the subsequent release of CO 2 at the soil surface. Besides soil temperature and soil moisture, root biomass, net primary productivity (NPP), litter inputs, microbial populations, root nitrogen concentrations, soil texture, substrate quantity and quality have all been shown to have effects on SR Buchmann 2000; Fang and Moncrieff 2001; Sá nchez et al. 2003; Dilustro et al. 2005) . Moreover, SR is not a pure physiological response to soil temperature, but an integration of several confounding ecosystem processes (Janssens and Pilegaard 2003) . Thus, significant errors in predictions of SR may result from models based only on soil temperature and moisture, when changes in other biotic and abiotic factors, such as soil properties, root biomass and NPP, can confound the temperature or moisture dependence of SR (Janssens and Pilegaard 2003) . Therefore, it is necessary to incorporate additional factors (biotic factors or soil properties) into these models for evaluating SR because the existing models based on environmental factors cannot accurately simulate the magnitude and variation of SR. For example, Reichstein et al. (2003) developed a general statistical nonlinear regression model to describe SR as dependent on soil temperature, soil water content (SWC), and site-specific maximum leaf area index. And, Reth et al. (2005) developed a regression model to describe SR as a function of soil temperature, soil moisture, pH-value and root mass.
Based on the measurements of SR, environmental factors, maize biomass, NPP and soil chemical properties (organic matter, total nitrogen) in a maize ecosystem during the growth season, the present work is intended to investigate the effect of biotic factors on the response of SR to soil temperature and to bridge some existing gaps in the study of modeling the magnitude and temporal variation of SR. Specifically, the objectives of this study were: (1) to quantify the effect of soil temperature on diurnal variation in SR in a maize agricultural ecosystem; (2) to describe the effects of biotic factors on the response of SR to soil temperature; and (3) to determine the seasonal variation of SR during the growth season of maize.
Materials and methods

Study site
The study was conducted in a spring maize ecosystem located on Jinzhou Agricultural Ecosystem Research Station (41°09¢N, 121°12¢W) , which belongs to Institute of Atmospheric Environment, China Meteorological Administration. The selected crop type is rainfed spring maize, which is the main crop type, and it was sown and harvested in early May and late September, respectively. Plants were planted 30 cm apart in rows. The distance between rows was 60 cm. The fields are under till management and N fertilizer is around 300 kg N ha -1 . The region has a temperate zone monsoon climate with a mean annual temperature of about 9.1°C and an annual precipitation of about 568.8 mm over the last 20 years. The average growing season temperature (May-September) is 20.1°C and the average temperature of other months is 0.5°C. The study site is relatively flat with slopes <3 and the elevation is 17 m. The soil type is a typical brown soil, and is composed of 45% of sand, 40% of silt, and 15% of clay with a pH value of 6.3. The organic matter content varies from 0.6% to 0.9% and total N is 0.069%. The data come from A p horizon at a depth of 0-30 cm.
Soil respiration measurements
Soil respiration rates were measured twice monthly during the growing season (May-September) in 2005 using a SR chamber (LI-6400-09, Li-Cor, Inc., Lincoln, NE) connected to a portable infrared gas analyzer (IRGA, LI-6400, Li-Cor, Inc., Lincoln, NE). To minimize soil surface disturbances, the chamber was mounted on PVC soil collars sharpened at the bottom and inserted into the soil about 1 or 2 cm, and the soil collars were installed one day before the measurements. We inserted 15 soil collars, each with a height of 4.5 cm and a diameter of 11 cm, into the soil and SR was pooled over all 15 collars per plot. To catch the diurnal pattern, SR rates were measured every hour from 6:00 to 18:00 on May 4, June 5, June 28, July 28, August 28 and September 22.
Measurements of environmental factors
Soil temperature was measured simultaneously with SR using a copper/constantan thermocouple penetration probe (LI-6400-09 TC, LiCor) inserted in the soil to a depth of 10 cm in the vicinity of the soil collars. SWC (0-12 cm and 0-20 cm depth, based on as soil volume) in the vicinity of the soil collars was monitored with a portable sensor (Diviner2000, Sentek, Australia). In addition, the microclimate data, including soil temperatures (at the depth of 10 cm, 20 cm and 30 cm) and profiles of soil moisture (0-10 cm and 10-20 cm depth), were logged continuously in the vicinity of a meteorological tower (HMP45C, Vaisala, Helsinki, Finland) located within the study area.
Aboveground biomass of maize plant was measured by clipping five maize plants at intervals of 20 days from the beginning of May to the end of September. At the same time, root biomass was measured by taking five soil blocks (15 cm wide · 30 cm long · 30 cm deep). The aboveground and belowground biomass was oven-dried at 80°C for 48 h and weighed. The weight difference of total biomass between the two sampling periods was considered to represent NPP.
where NPP is the net primary productivity (g m -2
d -1 ), B 1 is the total biomass (g m -2 ) at t 1 sampling time (d), B 2 is the total biomass (g m -2 ) at t 2 sampling time(d).
For each measurement, SWC, total carbon and total nitrogen of 30 cm depth soil samples were analyzed. SWC was analyzed using ovendrying, total soil carbon was analyzed using the potassium dichromate oxidation method, and soil nitrogen was measured by the Kjeldahl method.
Statistical analysis
Correlation and exponential regressions were used to evaluate the relationship between SR rate and soil temperature. Correlation and linear regression analyses were used to describe the relationships between parameters in the equations and the environmental factors measured during the growing season. Significant differences for all statistical tests were evaluated at the level a = 0.05. All statistical analyses were performed using the SPSS 11.0 package (SPSS, Chicago, IL, USA).
Results
Microclimate, plant biomass and net primary productivity
Measurements were conducted over a wide range of environmental conditions during the growing season (Fig. 1) . The mean value of soil temperature at 10 cm depth was 20.7°C, ranging from a minimum of 8.1°C in May to a maximum of 28.3°C in July. The mean soil moisture at 10 cm and 20 cm from May to September were 34.4% and 40.1%, respectively. During the measurement period, the total precipitation was 464.0 mm. Maize plants had a very slow growth of shoots and roots in the young development stage. Shoot biomass increased intensively at the beginning of July and reached a maximum of 2,477 g m -2 in September. Root biomass showed a different seasonal variation pattern compared with shoot biomass. It increased slightly from sowing and reached the seasonal peak value of 414 g m -2 in August, and then decreased slightly towards the end of the growth season. The total biomass followed a seasonal pattern almost matching that of the shoot biomass, reaching the peak value of 2,664 g m -2 at the harvesting stage. NPP of maize presented a single peak with the highest values occurring between mid-July and mid-August (Fig. 1) .
Relationships between soil temperature and diurnal variations of soil respiration
The diurnal fluctuations of SR were relatively high and all showed asymmetric patterns, with the minimum appearing around early morning (06:00-7:00 h) and the maximum around 13:00 h (Fig. 2) . The diurnal patterns of SR varied correspondingly with soil temperature each day. SR rates followed the increasing trend of soil temperature in the morning, and then decreased slightly when soil temperature decreased in the afternoon.
Correlation analysis revealed that SR was more significantly related to soil temperature at the depth of 10 cm than at the depths of 20 cm and 30 cm during its diurnal variations (Table 1) . Thus, soil temperature at 10 cm depth was used to investigate the influence of temperature on SR. Regression analysis revealed that there were significant exponential relationships between SR and soil temperature at 10 cm depth for the six sampling dates (Fig. 3) .
where SR is soil respiration rate (lmol CO 2 m -2 s -1 ), T is soil temperature at 10 cm depth (°C), a and b are parameters and they are showed in Table 2 .
Effects of biotic factors on the response of soil respiration to temperature It was clear that parameters a and b in Eq. (2) fluctuated during the growing season of maize (Fig. 3, Table 2 ), and these fluctuations might be attributable to the seasonal changes in water-heat factors, biotic factors or soil properties. Regression analysis indicated that biomass of maize was the best predictor of parameter a and NPP was a driving factor of parameter b. Biomass of maize markedly increased parameter a of the exponential equation and NPP influenced SR by increasing its b.
Substituting Eqs. (3) and (4) ). Equation (5) showed that SR responded positively to changes in soil temperature. Furthermore, these responses were affected by changes in NPP and biomass of maize over the growing season. The equation gave a good agreement between observed and predicted SR rates at seasonal scale (R 2 = 0.929, n = 78). Most of the temporal variability in SR could be explained by the variations in soil temperature and associated biomass and NPP of maize defined in Eq. (5) (Fig. 4a, b) .
Only taking into account the influence of soil temperature, the relationship between SR and soil temperature during the growth season could be empirically fitted as:
where SR is the soil respiration rate (lmol CO 2 m -2 s -1 ), T is soil temperature at 10 cm depth (°C).
However, the exponential equation resulted in a lower R 2 value (0.53) compared to Eq. (5) (Fig. 4a, c) . Moreover, the residuals (measured values-modeled values) vs. measured SR were plotted (Fig. 4b, d ). The residuals in Eq. (5) were much less than that using Eq. (6), which indicated Eq. (5) fitted better the measurement results.
Nevertheless, soil moisture (R 2 = 0.563, P = 0.146) did not explain a significant amount of the variation in SR rates, because it fluctuated from 22% to 38% during the growth season, and fluctuated from 32% to 38% from June to September (Fig. 1) , and never seemed to reach either extremely high or extremely low limiting values at this site. Furthermore, soil organic matter (R 2 = 0.332, P = 0.534) and total N content (R 2 = -0.301, P = 0.561) were not significantly correlated with SR because they fluctuated only slightly during the growing season (Table 2) .
Seasonal variation of soil respiration
In this study, SR rates were based on an average produced from measurements made near and away from plants in order to take into account the spatial influence of respiring root biomass (Pangle and Seiler 2002) . Furthermore, mean SR of sampling days was calculated by averaging all measured SR values during the diurnal variations. Thus, the seasonal variation of SR was characterized (Fig. 5) . SR fluctuated greatly during the growing season. SR rate was about 1.32 lmol CO 2 m -2 s -1 on May 4 when the maize sowed. The SR rate increased as the soil temperature increased and the crop grew, and it peaked at 4.87 lmol CO 2 m -2 s -1 on July 28, and then during the measurement period.
With the biomass and NPP every day estimated by interpolating between sampling dates and with soil temperature automatically measured, Eq. (5) fitted the seasonal changes in SR well (Fig. 5) . However, Eq. (6) significantly overestimated the SR during the early growth stage, while underestimated SR during the middle and late growth stages of maize (Fig. 5) . This indicated that it would result in an erroneous estimate of seasonal variation of SR only according to soil temperature because the NPP and biomass of maize varied simultaneously and combined to influence SR. Applying Eq. (5), the estimate of SR was 476.12 g cm -2 during the growing season in 2005. However, the estimate was reduced by 10.2% if Eq. (6) was used.
Discussion
Soil temperature driving the diurnal variation of soil respiration
The diurnal variation of SR showed asymmetric patterns, with the minimum appearing around early morning and the maximum around 13:00 h. SR fluctuated during the daytimes following the trend of soil temperature (Fig. 2) . These results are consistent with previous reports about diurnal variation of SR for terrestrial ecosystems (Fang et al. 1998; Elberling 2003; Cao et al. 2004) . In this study, soil temperature exerted the dominant control over the diurnal variation of SR, while other important variables such as soil moisture and soil properties varied relatively slightly in the same period. There was a significant exponential relationship between SR and soil temperature during its diurnal and seasonal variations (Eq. (2)). Exponential regressions have often been used to describe the relationship between SR and soil temperature at seasonal scale when soil moisture or other factors are not limiting (Buchmann 2000; Janssens and Pilegaard 2003; Reth et al. 2004) . It is clear that SR responds positively to temperature in a number of systems (Davidson et al. 2000; Fang and Moncrieff 2001; Richard et al. 2004; Wiseman and Seiler 2004) . Increasing temperatures can activate dormant microbes and increase microbial species richness, which potentially broadened the mineralizable carbon pools , thus promoting microbial respiration. At the same time, increasing temperature can also activate root respiration by influencing the photosynthesis of the plant and photosynthates translocated from the aboveground part of the plant (as explained below). Furthermore, increasing soil temperature advances gas transmission in soil and therefore accelerates gas exchange with the atmosphere (Tang et al. 2003) .
Biotic factors affecting the response of soil respiration to temperature
The temperature sensitivity of SR is a critical component of many ecosystem models (Raich and Schlesinger 1992) , since small changes in global temperature could have a large influence on the atmospheric carbon balance. At present, many ecosystem models use an exponential relationship to describe how respiration responds to temperature (Langley et al. 2005) . There is increasing empirical evidence that the temperature sensitivity of SR is not a constant, but tends to be modified by seasonal changes in soil moisture, root biomass, litter inputs, microbial populations and other seasonally fluctuating conditions and processes (Davidson et al. 1998) .
During the growing season of maize, the coefficients a and b in Eq. (2) fluctuated because biomass markedly increased a, and NPP markedly increased b of the exponential Eq. (2). This demonstrated that biotic factors might affect the response of SR to soil temperature during the growing season of maize. The strong positive relationship between b and NPP indicated that NPP ameliorated the temperature sensitivity of SR. At the ecosystem scale, NPP may be the most important factor controlling soil biota and belowground processes (Wardle 2002) . There is strong evidence that rates of plant production and SR are linked processes (Raich and Tufekcioglu 2000) . The effect of temperature on root respiration is likely to be constrained by the seasonal changes in NPP, because root respiration largely depends on the amount of photosynthates translocated from the aboveground part of the plant (Hö gberg et al. 2001; Janssens et al. 2001; Curiel-Yuste et al. 2004 ). Recent field experiments have shown that as much as half of the soil respiratory carbon release is derived from recent photosynthate (Hö gberg et al. 2001; Steinmann et al. 2004 ). An increase in the carbon availability to the root system often causes an increase in root respiration (Atkin et al. 2000) . Kirschbaum (2006) reported that changes in substrate availability may confound the apparent temperature dependence of SR. Hence, a high NPP may contribute to a high temperature sensitivity of root respiration. In addition, NPP provides the inputs to the soil of aboveground litter and belowground organic detritus (Raich and Potter 1995) . Schimel et al. (1994) reported that microbes preferably use the shortlived fractions of soil organic matter as an energy source and therefore depend primarily on new litter inputs. Any changes in the inputs of litter and detritus to the soil are likely to affect rates of microbial respiration strongly (Rey et al. 2002) . Thus, microbial respiration indirectly depends on ecosystem productivity (Janssens et al. 2001 ). Modeling exercises and field studies have shown that the availability of high quality substrate may drive the temperature sensitivity of heterotrophic respiration (Vance and Chapin 2001; Brooks et al. 2004; Eliasson et al. 2005) . Therefore, high NPP in our study may have elevated heterotrophic temperature sensitivity. Besides, NPP may change the relative contribution of root respiration to total SR, consequently affecting the temperature sensitivity of SR. Boone et al. (1998) reasoned that higher temperature sensitivity should attribute to larger contribution of root respiration to total SR, because root respiration had higher temperature sensitivity than heterotrophic CO 2 efflux from decomposing soil organic matter.
During the growing season of maize, biomass was another factor influencing the response of SR to soil temperature since it markedly influenced parameter a of the exponential equation (2). Roots below the measurement chambers probably influenced SR rates since root respiration is an integral part of SR (Hanson et al. 2000) . Root respiration was thought to comprise 40-60% of total SR (Raich and Schlesinger 1992) , although these values strongly depended on growth stage, especially in agricultural soils. In addition to the direct contribution of roots to total SR, roots can also affect soil microbial growth and activities by exuding organic substrates for microorganisms and by altering the soil physical and chemical environment, consequently controlling microbial respiration (Lohila et al. 2003; Kuzyakov and Cheng 2004) . Therefore, biomass might promote the positive response of SR to temperature. The positive correlation between biomass and parameter a indicated that biotic factors affected the response of SR to soil temperature.
Soil temperature, net primary productivity and biomass driving the seasonal variation of soil respiration Biotic factors affect SR by influencing soil microclimate and structure, the quantity of detritus supplied to the soil, the quality of detritus, and Plant Soil (2007) 291:15-26 23 the overall rate of root respiration (Raich and Tufekcioglu 2000) . Therefore, changes in biotic factors have the potential to modify the responses of soils to environmental change. With respect to temporal dynamics in biomass, NPP and soil properties, there is a need to extend the model with either temporal varying parameters or dynamic model formulation. In this study, the response of SR to soil temperature was influenced by biomass and NPP during the growing season of maize. Thus, we developed Eq. (5) to describe the seasonal variation of SR, which fitted the data well (R 2 = 0.93). It clearly demonstrates that soil temperature, NPP and biomass of maize are important in determining the temporal pattern of SR through an interaction that can be captured by a model. The current study does not contradict the general positive response of SR to temperature, but indicates that temperature is not necessarily the single most important factor.
Soil respiration is a net flux derived from several different processes, and changes occurring in any single process can be masked by opposite changes in another (Buyanovsky and Wagner 1995) . During the growing season, NPP and biomass changed rapidly on several days (Fig. 1) , which might affect SR rates by influencing detritus production and root respiration rates (Raich and Tufekcioglu 2000) . It may be impossible to determine the direct temperature response if such a confounding correlation exists (Janssens and Pilegaard 2003) . For example, SR can increase even with declining SR in the autumn due to an influx of labile carbon from fallen leaves and decomposing fine roots (Davidson et al. 1998) . In spring, when root respiration increases with increasing soil temperature and root growth increases the amount of respiring tissue at the same time, the exponential equation between SR and temperature no longer reflects just temperature sensitivity alone (Davidson et al. 2006) . Therefore, Eq. (6) lacked a physiological basis and bore obvious limitations for extrapolations within physiological scales (Subke et al. 2003) . Depending on seasonal changes in soil temperature, biomass and NPP, Eq. (5) was favored to describe the temporal variation of SR, and thus reflected community responses, which might differ from the temperature responses of the respiratory processes. Although this model may not be broadly applicable, our results suggest that biotic factors affect the response of SR to temperature during the growing season, so we should not only take into account the influence of temperature, but also incorporate biotic factors into the models in order to simulate the seasonal variation of SR on agricultural sites.
